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THERMAL STABILITY OF ASZSeS-AszTe3 GLASSES

Introduction

Interest in the As-Se-Te glass fofming system stems from
the work of Kolomiets and coworkers(l) who reported extensively
on such propertics as density, softening temperature, microhard-
ness, viscosity,expansion coefficient, electrical cenductivity,
thermal emf, dielectric constant and radiation hardness. Switch-
ing(z) and semiconducting behavior(l) were demonstrated in a
study on ASZ(SexTel-x)S’ however little attention w;s given to
the possibility of phase separation or crystallization.

Bagley and Bair(s) and Bagley and Northover(4) attempted
-As,Te

3 2°73
by differential scanning calorimetry, x-ray diffraction and

to throw light on the mechanisms of switching for Aszse

electron microscopy. Of particular interest were the tempera-
tures, energies and types of thermally induced transformations
which occur. For ZASZSes-AszTes, neither phase separation nor
crystallization were observed while ASZSes-SAszTe3 and ASZSes-
2A52Te3 were observed to crystallize under the influence of
heat treatment without detectable phase separation. All three
compositions could be induced to undergo threshold switching
while only those glasses which crystallized could be switched
into a mémory state. They concluded thatueither a thermally
induced crystallization nor phase éeparation is required for

threshold switching while a memory state can be induced through

crystallization.



A recent report by Hill,(s) however, contradicts the results
»f Bagley and co-workers; Hill found that all bulk glasses he
studied for xASZSeS(l-x)AszTe3 from x'= 0 to x = 0.8 are phase
separated. Furthermore, DTA experiments revealed two crystal-
lization peaks for some compositions while AC conductivity data
showed loss processes which Hill attributed to structural inhomo-
genities resulting from glass-glass phase separation.

In this report we describe a detailed study of the thermal
behavior of glasses in the ASZ(SexTel-x)S systeﬁ carried out to

resolve these above noted discrepancies.

Experimental

Bulk glasses were prepared from elemental As, Se and Te in
purities of 99.999% or better. Starting materials were sealed
in evacuated silica ampoules and reacted in a furnace at 950°C for
periods of 24 hours or longer. Thé ampoules were rapidly quenched
from 950°C in an ice-brine mixture. Samples with compositions
xAs_zTes-(l-x)ASZSe3 and xAssTeZ-(l-x)As$Se2 proved to be amorphous
for 0<x<1 as evidenced by x-ray analysis and conchoidal fracture
of the quenched product. Twenty five mg portions of the bulk
glasses ground to about 100 mesh were used for the differential
scanning calorimetric (DSC) measurements. Scanning rates of
from 1.25 to 40 deg/min were used to give the optimum peak re-

sponse. All measurements were made under a nitrogen atmosphere.

Results and Discussion

Figure 1 shows some of the results of the DSC experiments

for ASZSeS-AszTes.' Several features of these experiments are



worth noting. The glass transition temperature shows a smooth
increase with increasing selenium concentration over the whole
range of compositions. The values obtéined are rodghly in
agreement with the Tg's measured by Bagley and Bair(s) by DSC
and with the softening points reported by Kolomiets(l) and by
Hill(s). However, the recent report of Arai and Saito(6) gives
& Tg value of 393K for ASZSeS, a value significantly lower than
the Tg of 447K found in this work. The discrepancy possibly is
due to the relatively insensitive method for measuring Tg's used
by Arai ;nd Saito. Table I 1lists values of Tg's obtained by
different researchers. | |

A seéond result from the DSC experiments which is of inter-
est is the mui;iple peaks observed above the Tg; these are shown
in Figure 1. For‘compositions up to 25 mole precent A52383 in
AszTeS, two exothérmict;ansitionswere found. X-ray analysis of
heat treated samples indicates the exothermic transitions can
be attributed to crystallization; however, the spectra ohtained
are-complex and identification of the species crystallizing is
a matter under investigation. The two cryétallization tempera-
tures show a smooth increase with increasing A52383 content up to
the composition .33ASZSe3-.67AszTe3 where only one crystallization
peak was observed. The fact that the extrapolation of the upper
crystallization peak intersects the melting curve shown in Figure
1 at about this composition suggests that the melting point lower-
ing caused by increasing AszSe3 is sufficient to prevent crystal-

lization of the second species.



The situation is more complicated at compositions with
equimolar or greater concentrations of ASZSes. At the equi-
molar composition the smooth decrease in melting temperature
shown in Figure 1 reaches a minimum. Furthermore, another,
lower temperature melting peak also makes an appearance at
the equimolar composition, indiceting a two-stage melting
behavior. The two crystallization peaks found for compositions
leaner in AsZSe3 no longer are in evidence. No.data were
obtained for temperatures greater than Tg for glasses with
selenium concentrations greater than .42A52Te3-.58A528e3.

Several different effects occur simultaneously to give the
results for the high seleniumside of Figure 1 and they greatly
complicate the interpretation of the data. A careful examina-
tion of the DSC curves indicates that the szngle melting point
shown on the low se1en1um side of Figure 1 probably is an over-
lapping double peak which only becomes fully resolved as the
two parts are shifted by increasing additions of selenium. For
example, the DSC traces for .92A52Te3-.08ASZSe3 have at most
only a slight asymmetry in the endothermic peaks, while for the
composition .67A52Te3-.33ASZSe3 a definite shoulder is found.
At the equimolar composition, the two peaks are fully resolved
and the temperatures of the onsets of the two transitions are
shown in Figure 1. )

The shifting and separation of the two exothermic peaks
causes them to overlap into the temperature range of theé
exothermic or crystallization peaks. This complicates the
interpretation of the data in that closely spaced exo-and endo-

thermic reactions give DSC traces which resemble S curves which



do not allow the establishment of a base-line. Thus the temp-
erature of the onset of the transition cannot be determined
and the absence of esx<thermic peaks on the right half of
Figure 1 most likely is due to a masking effect.

Another complication is the increased volatility of the
glasses as selenium content is increased. This primarily has
the effect of increasing the noise in the DSC curves. Samples
with greater than 58 mole percent As,Se; gave traces which
permitted no determination of either crystallization or melting
temperathres.

The two-stage crystallization and melting are indicative
of some sort of phase separation. As mentioned previously,
Bagley and Baiycs) reported results on three of the compositions
of ourstudy. For.75/25 and 67/33 AszTe3/ASZSe3 they observed
single crystalliz;tlon peaks while the melting curves were
doubly peaked. For the 33/67 glass they observed only the glass
transition. Bagley and Northover(4) specifically looked for
evidence of phase separation in these compositions as they beam
heated thin films in the transmission electron microscope. As
with the bulk glasses, crystallization was observed for 75/25
and 67/33 while no crystallization was found for 33/67 AszTe3/
A528e3' In none of the samples was any evidence of phase
separation found. Hill(s) on the other hand, found that all of
the bulk glasses XAszTeS(l-x)ASZSe3 from X = 0 to X = .8 are
phase separated as evidenced by scanning electron microscope
replica techniques. Hill's evidence is suggestive of phase

separation, but its usefulness to the question of the switching



mechanism is hampered by the lack of any information on the
compositional changes which occur. Furthermore, the lack of
agreement between the results of Hill Qnd those of Bagley
and co-workers is cause for concern.

The results reported here remain only suggestive until
the x-ray work currently in progress is completed. At that
time it should be possible to map out in detail the structural
and compositional changes which occur as the result of heat
treatuen} for the whole range of compositions in the AsZSes-
Asz'l'e3 system. Furthermore, the kinetics of crystallization
are under detailed study for two compositions and the results
of this work should be of obvious applicability to models of

switching involving thermal transfo aations.
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STRUCT’;RY OF ASZSe3 FILMS

Comparison with Crystalline Material
The observations on ASZSes-AszTe3 films using direct re-

cording energy fiitered electron diffraction were described
in a previous report. It was found that t@e results were
consistent with arsenic and selenium or teélurium possessing
3 and 2 neighbors respectively. The nearest neighbor bond
lengths were consistent with the sum of covalent atomic radii,
but it was not possible to distinguish whether or not chemical
ordering exists. In this report further d1,cu551on is given
of the local order in these glasses, partlcularly AsZSe

A common feature of the diffuse scattering profiles is
the occurance of a peak fairly close to the main beam. Vaipolin
and Porai-Koshits(l) have suggested that this peak is due to
diffraction from a layer stfucture.since such a structure is
characteristic of crystalline ASZSeS. The only crystalline data
for'ASZSe3 is that of Vaipolin(Z) indicating an orpiment layer
structure, the cell height being equal to the thickness of itwo
layers, and the average coordination numbers for As and Se are
close to 3 and 2. The radial distribution functions are therefore
consistent with both a glassy randomly bonded net and with a
lbcal order similar to that in the crystalline form.

In 6rder to make a more detailed comparison between the glassy
and crystalline structures the interference function s(i(s)-1)
has been calculated for an a:ray of ASZSe3 crystallites. The

crystallites were taken to consist of 27 unit cells and were
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assumed to be randomly oriented. Interatomic distances within
a crystallite were calculated by computer and the interference

function was generated from

% 7% sin(2m r_ s) exp(-a, 52)

s(i(s)-1) =

where N, = atomic coordination number corresponding to inter-
atomic distance - In the usual notation, s = 2 sin 6/A.

The effect of thermal vibrations is included in the exponential
term.

Figure 1 shows a comparison between the calculated inter-
ference curve a for the As,Seq crystalline layer structure
(with a taken to be constant and equal to 0.75) and curve c,
the experimental result for the amorphous films.

It can be notéd that a small peak is reproduced at a moderately
small 5 value (s = 0.25) as expected. This dées not coincide
however with the experimental location of the first peak in
curve c. The next two major peaks are reproduced reasonably
well, while the next crystalline peak is not present at all in
the experimental curve. The two curves therefore show similar-
ities and disimilarities and it is not useful to pursue the
comparison further. Radial distribution curves were calculated
from the interference functions using the numerical Fourier
transform carried out over the same range in s valuen for each
curve. The dashed line in Figure 2 shows the result for the
amorphous film and the full line shows the rdf obtained for the
(theoretical) crystalline case. The expected close corres-

pondence between the nearest neighbor peaks of the two curves
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can be noted. The second and third peaks differ appreciably
however, the major difference betwe;n the curves being the
absence of the third (crystalline) peak in the amorphous film
case. This would seem to rule out at least the possibility
that the film actually consisted of small AsZSe3 crystallites.
Previous experience has shown that an approximation to
the rdf of the aﬁorphous material can be obtained by assuming
that interatomic distances in the material are distributed
about some mean value with a gaussian distribution whose
width inhreased with value of atomic separation and whose
width, for distances greater than the nearest neighbor dis-
tance, was considerably greater than the spread due to thermal
vibrations. 'Qurve b of Figure 1 shows the interference func-
tion ,calculated'. in this way with e varying from 0.45 to
2.0 at 6&. This brocedure .yields a curve intermediate to
the theoretical Crystalline case and experimental amorphous
case. The full and broken lines of Figure 3 show the rdfs
calculated from curves b and ¢ respectively of Figure 1. It
can be seen that the introduction of increasing disorder in
the larger interatomic distances tends to suppress the third
peak in the rdf while the first and second peaks are unchanged.
From the above considerations it would appear that the
rdf obtained for amorphous AsZSe3 filmsuis not in detailed
agreement with a microcryétalline model but that the nearest
neighbor order is essentially the same in the amorphous and

- Crystalline case.
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Interaction with Copper

So far crystalline patterns have only been obtained from
ASZSe3 films heat treated on copper grids. Heat treatment on
Al or Mo covered grids fa:led to produce any crystallization
at all although AszTe3 films can be réédily crystallized in
this way, giving a ring pattern agreeing in detail with that
expected for crystalline AszTes. As noted previously heat
treatment on copper grids produced big changes 1n the intensity
distribution and leads to Crystallization. Flgure 4a shows an
intensity profile taken across the ring pattern resulting from
heat treating ASZSe3 film supported on copper screening.
Fiture 4% shows a selenium film similarly treated. The Table
shows the measured d and I/Io values for curve b and the ASTM
card values fér crystalline Cuz_xSe. In the present units,

d = 1/5 Angstroms. It is apparent that the sélenium film
formed Cuz_xSe upon crystallization on Cu grids. The curve

a from the heated ASZSe3 films shows that the peaks correspond
to peaks occuring in Cuz_xSe but that many of the peaks cor-
responding to this compound are missing. It is not known at
this stage whether the absence of these peaks indicates a
prefered orientation of crystallites in the film, or whether
this is an effect due to the presence of arsenic.

T+ is instructive to compare the fdf calculated from the
curve 4a with the rdf of as deposited ASZSe3 films, as shown
by the full and broken lines respectively in Figure §.

The two rdfs appear to differ quite significantly. The

nearest neighbor peak of the film heat treated on the copper

— ———
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grid has shifted to Z.SZR, and the other peak positions are
widely separated from the as deposited film cufve. Typical
bond lengths for As, Se and Cu with Cu ‘are 2.518, 2.438 and
2.5564 respectively. The radia) distribution curve is there-
fore in agreement with the apparent océﬁrance of alloying

between ASZSe3 and Cu.
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TABLE I
Experiment Curve ‘ ASTM Card
(Se film crystallized on Cu screen) Cuz_xSe
d, & I/Io d I/Io
6.137 17% 3.52 5%
3.398 100 3.33 90
2,918 23 - 2.88 . 10
2.046 84 2.02 100
1.757 47 1.729 80
1.66 22
1;434 19 1.434 30
1.31i& ) 19 | 1.317 20
- 1,168 ’ 26 1.171 40
1.10 | 14 - ' 1.105 20
1.013 10 1.014 10
0.965 1 " 0.969 10
0.904 9 OiaS08 20
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I. INTRODUCTICN

It has been known for Mmany years that thin layers prepared
under certain conditions may give extremely diffuse electron or
x-ray diffraction patterns that may not be readily interpreted
in terms of Bragg diffraction peaks. In the 1930's Germer (1)
obtained diffuse patterns from a variety of very thin films dur-
ing the initial stage of deposition from the vapor. Maxwell and
Mosely, on the other hand, examined films of silica thinned from
the bulk b; a blowing technique (2) and found that the films gave
diffuse electron diffraction patterns which could be compared
with the x-fay work of Warren et al. (3) on bulk silica.

In more recent years considerable attentlon has been given
to the preparatlon of a wide variety of materlals in thin film
form (4,5). 1In partlcular, thin film techniques have permltted
the preparation of amorphous layers of elements and compounds that
have hardly or not at all been obtainable in this form by quench-
ing from the melt. The term amorphous is taken, in the present
discussion, to indicate a material in which the atomic arrangement
fails to exhibit.spatial periodicity. The term is descriptive
rather than definitive and attempts at a literal interpretation
are to be avoided.

It is to be recognized that diffuse éiffraction patterns may
arise from several distinctiy different types of films that may
be conveniently classified as follows:

i) Very finely polycrystalline films, with grain size
qf order one or two unit cells, yield an extremely

diffuse diffraction pattern. Diffusely diffracting
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extremely thin films of metals frequently (but not
always) fall into this categofy.

ii) Homogeneous structures such as, for example, some
simple glasses in vhich the statistic degree of
order does not vary appreciably from location to
location.

iii) Heterogeneous systems, which may, for example, con-

sist of a mixture of immiscible glasses or of small
. ordered regions in an otherwise homogeneous matrix.

Radial distribution anélysis of the diffuse diffraction pat-
terns permits only a statistical characterization, averaged over
the sample, in terms of distances between atoms and coordination
numbers. Evidence of macroscopic homogeneity or heterogencity
must be obtained by other techniques such as electron microscopy
or small angle scattering, and mcdels for the local configuration-
al order in general require confirmation from additional experi-
mentation such as infrared absorption or x-ray absorption zdge
fine structure.

Finely polycryétalline films as in the first category above
are conventionally not regarded as amorphous, although the dis-
tinction is not always easily drawn since in such cases grain
bcundary disorder may constitute a considerable proportion of the
vhole. Thé diffuse diffraction patterns from films of this type
are among those most amenable to radial distribution analysis.

The absence of distinct structural periodicity in amorphous
materials does not exclude the existence of characteristic atomic

configurations in which groups of atoms preserve a particular
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type of bonding. The character~and extent of local configura-
tional ordering may depend on the type of atoms, material prepar-
ation and thermal or other treatments. Very typically, strong
directional bonding, low substrate temperatures, and system com-
plexity favor the formation of amorphous films.

The analysis of such étructures using electron or x-ray dif-
fraction techniques stems directly from the classic work of Debye
(6), Zernike and Prins (7) and Debye and Menke (8). The theory
is weli established and is treated in a number of texts (9,10,11),
although certain peculiarities of the technique are seldom made
clear in the thin film literature.

The aim of this review is to discuss the theory and technique
of the analysis of local atomic configurational order from elec-
tron diffraction data and to describe diffraction measurements
reported for a wide variety of amorﬁhous films.

Attention is drawn to the valuable information contained in
the reviews by Gingrich (12) and Furukawa (13) on the analysis of
liquids, by Grigorovici (14) on the structure of amorphous semi-

conductors, and to a number of conference proceedings (15,1i8).

IT. DIFFRACTION THEORY

1. The Debye Equation

Details of the theory of scattering by amorphous materials
may be found in several excellent texts, for example by Hosemann
and Bagghi (9), Guinier (10), and Warren (11). The present dis-

cussion follows a particularly useful treatment by Pings and
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Waser (17). The aim of the diffraction analysis is to determine
the radial distribution functions 4nr2pij(r), giving the numbers
of atoms of type j at distance r from an average atom of type 1i.
The extent to which this may be accomplished in practice is dis-
cussed in later sections.

Consider a beam of eléctrons Or x-rays parallel to a vector

§o’ being scattered by an array of N atoms located at positions

Rl’ 52, Bn’ relative to some origin and having atomic scattering
factors flﬁ fZ’ fn' Simplé geometric-optic arguments show that
the intensity scattered in a direction parallel to a new vector

S is given by

f fq exp(2mi s-r_ ) (1)

Pq

where s = (S-5,)/1x, Tnq © Epagq’ and A is the wavelength of the
incident and scattered radiation. This is a quite general result
for any atomic arrangement, periodic or otherwise. In the case

of a crystalline material, Ipq takes a very specific set of values
and sharp diffraction peaks result. The major step in applying
this general relation to amorphous materials lies in assuming that
for any particular interatomic separatién Izpql the direction of
Ipq may take any orientation relative to S, with equal probability.
Equation (1) may then be averaged over all orientations to give
the Debye equation

sin 2msr

N
El fpfq 2nsr (2)

N 2 N
I = 3 f£.“°+ 3%

j=1 1 p=1

q
p#q
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where Toq ™ Izpq

flection of the beam. It is to be noted that in some papers s is

|, s = |s| = 2sine/)x and 26 is the angle of de-

taken to be equal to 4msin8/A. More commonly, in x-ray work, a
separate symbol k is used to denote this quantity.

In practice the amorphous material to be investigated may
contair only a few different types of atom, but N the total num-
ber of atoms illuminated by the beam will be very large. The
summation may then be replaced by integration over radial dis-

2

tribution functions 4nr pij(r), representing the number of j type

atoms surrounding an i type atom at distance r. Let X19Xgse e Xy
be the atomic fraction of atoms with scattering factors

fl,fz,...fn, then

-

I(s) =N I x;£5°
j=1
n n .
-] 2 2

The o(r) function is introduced to allow for the finite size of
scattering volumé; i.e., o(r) »+ 0 as the dimensions of the scat-
tering region are exceeded. The actual form of o(r) depends cn
the macroscopic shape of the scattering volumé. Finally, it must
be noted that the atomic density distribution functions pij(r)
consist of fluctuations pij(r)'aij’ about a constant mean density
of j type atoms p... We may therefore make the substitution

1)

pij(r)-pijﬂ:ij for pij(r)’ and obtain



I(s) =N I x.f.2

j:l J )
: B = 2 - sin 2wsr

+N I 2 xififj S, 4nr [pij(r)—pij] 2= o(r)dr
1=1 j=1 .
n n .

© 2— sin 27nsr
+ N ifl jzl xififj fo 4nr pij — o(r)dr (4)

The final term gives rise only to a very small angle contribution
and this is determined by the macroscopic shape of the illuminated
region of the specimen; this contribution is, however, usually
unobservable since it is 1o§t in the edge of the undeflected

beam. Measurable contributions in the small angle region may
arise, however, from voids, precipitates or other significant
local density fluctuations, effects not included in the above

equation. The small angle terms may therefore be discarded, and

hence
n 2 n n :
I(s) =N I x.f.“+ N © I x.f.f.
j:l J J i:l j:l 11 J
1o an? e, (r)-p, ] Sin2msr o0 (5)
0 ij ij 2nsr

Finally, for non-crystalline materiais pij(r);aij tends to zero
with r rapidly compared with the specimenldimensions and o(r) may
then be taken equal to unity,

Several special cases may now bé discussed; for a one-compon-

ent, i.e., =lemental, material, equation (5) reduces to

I(s) = NE2(s) + N£Z(s) Io 4l p(r)-p ] e LLLAP (6)



|

while for & binary compound

I(s) = N(x;f,%ex,£%)
2 > 2 - sin 27ST
*Nx £,7 S ArrTeg (1) -] S dr
‘ + Nx,£. £, I” 4nrl[p,. (r)-p,,] SIL2ZTST 4.
' 17172 o P12 P12 TST
L 2 - ] sin 2wsr d
+ Nxzfzf1 fo 4nr [p21(r)-p21 2m1sr
2 2. = sin 2wsr
P Nx £, S 41T [0y, (1) -0, ,] Smsr— d (73

2. Calculation of the Radial Distribution Functions

a. Elements. The equation (6) may be rearranged to give

s —l%il -1 =2/ r{p(r)-p _]sin 2wsrdr
Nf“(s) e | °o°

or si(s) = [w r[p(r)-po]sin 2nsrdr (8)

[+ ]

where si(s) has been written for the expression on the left-hand
side. This is a very remarkable result, being in the form of a
! Fourier transform, and hence by the inversion property of the

transform,the function r{p(r)—po] may bg obtained directly (18),
rlp(r)-p ] = [, si(s) sin 2nrsds (9)
or finally;
4nr2p(r) = 47rr2po + 87r f: si(s) sin 2wrsds (10)

l Unfortunately, the upper limit of infinity cannot be realized

since
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i) the intensity falls off rapidly with angle and can
only be measured to higher and.higher angles at the
expense of increasingly unfavorable signal to noise
ratio, and

ii) the scattering parameter s = 2(sin8)/Xx has a maximum
value of 2/X. This is not a limitation in high
energy electron diffraction work whiere the wavelength
is extremely small (e.g., A = 0.06 X for a beam en-
ergy of 40 keV) but must be considered in the x-ray
case. .
In practice, the integration is carried out up to a finite limit
equal to Smax® and termination ripples are generated in the re-
sulting transform. In order to minimize such ripples, si(s) is
frequently multiplied by a "terminating" function that decreases
monotonically from a value eqﬁal to unity at s = 0 to a value
typically 0.1 at Smax® A convenient function is of the form
exp(-asz). Atomic thermal vibrations are.also expected to give
rise to a similar damping of the si(s) function.
It is necessar} therefore to consider the transform of
g(s)si(s) where g(s) is a termination function as described above

but in addition has the value zeco for 5 > Sméx' Then

Smax’
S

o g(s)si(s) sin 2nrsds = I: g(s)si(s) sin ansds (11)

The integral may be evaluated in a very convenient form by employ-
ing the Fourier convolution product relationship. This states

that the transform of the product of two functions is equal to
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convolution products of the transforms of the functions. The
(one-dimensional) convolution product of.two functions Xl(x)
Xz(x) is simply Y(x) = [: Xl(u) Xz(x-u)du. Let us denote the
cosine transform of the (even) function g(s) by h(r); the sine
transform of sif(s) has alreads been given as r[p(r)-po]. Now

employing the convolution ﬁroduct relationship,
f: g(s)si(s) sin 2mrsds = 1/2 [ h(t) (r-t) [p(r-t)-p )dt (12)

This illustrates a very general and important result, the
Fourier transform of the 51(s)g(s) function (derived from the
diffraction data) does not give the radial distribution function
directly. Instead, the rdf is convoluted with the transform of
the funcrion g(s). In the ideal limiting case of g(s) being
unity everywhere, then the transform becomes a delta function and
the convolution product becomes 51mn1y r{p(r)- Po ], from which the
rdf 4nr p(r) may be calculated. Figure 1 illustrates the signifi-
cance of this effect for an array of isoléted, randomly oriented,
cells of the diamond structﬁre, with a small atomic thermal vibra-
tion. The transform of the calculated si(s) function taken over
infinite range is shown in Fig. la. However, experimental cir-
Cumstances frequently limit Spax tO 2 value of order 2 to 3.

The transform over the range s . = 1.95'taking g(s) = 1.0 over
this range‘is shown in Fig. 1b. The transform taking g(s) to be
a gaussian fun:tion falling to a value 0.1 at Smax is shown in
Fig. lc. Two major effzcts are to be noted.

i) The finite'range transform of si(s) does not

directly give the ruquired distribution r[p(r)-po]
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of the material, but peaks are broadened and
changed in shape to a greater or lesser extent.

ii) Small "ripple" peaks exist to either side of the main
peak which depend on the form of the g(s) function.
Such ripples are frequently regarded as spurious
and are eliminatéd from the transform by employing
a gaussian termination function or other means, at
the expense of an incrsase in peak widths.

b. Binary Compounds. The analysis of compounds is compli-

cated by two factors, notabiy by the necessity of determining
several density functions P11» P12 €tc., and by the mixed pro-
ducts of scattering factors that cannot be factored away from the
right-haﬁd side of equation (7). The essential feature of taking
the Fourier transform still applies, however, and equation (7)

may be rearranged to give

2

£ £,5,
si(s) = -5 sill(s) + 7 silz(s)
F F
£,£, £,°
+ —Fz—‘ SiZI(S) + 'FZ— Sizz(S) (13)
. _ 2 2 2
where si(s) = s[I(s) - N(xlf1 +x2f2 )]/NF (14)

. = © -— * 5
and 51pq(s) Lo xpr[ppq(r) pq] sin 2mrsds (15)
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Fz(s) is some normalizing function, typically, but not necessarily,
equal to (xlfl*xzfz)z. We may now evaluate the transform of
g(s)si(s) where g(s) is a terminating and truncating function as

before. Then by the convolution product theorem,

2 Sy g(s)si(s) sin 2nrsds = x, £7Q,(2) (r-t) [0y, (r-t)-5,,)dt
+ Xy S0 Qpy(t)(r-t) [o),(r-t) -5, )dt
* %, 17 Q) (B)(r-t) [0, (r-1) -5, Jdt
* Xy I Q) (r-t) [0,y (r-1) -5, )dt (16)

f. £
- ™ 172
where qu(t) »[D g(t) —;T_ cos 2wrsds.

Making use of the relations p and noticing that the area

pa ~ Xa%
under the Qij functions is just equal to g(o)fi(o)fj(o)/Fz(o),

then,

!: g(s)si(s) sin 2nrsds = X {: Qll(t)(r-t) oll(r-t)dt

Ry {: Q) () (r-t) oy, (r-t)dt

+ x, {.. Qzl(t)(r-t) 021(r-t)dt

2 15 Qy,(t)(r-t) oy, (r-t)dt

- 10,2(0) [x, £ (0) +x,f,(0)12/F? (o) (17)

The general result may be noted; the transfora of the data yields

a curve which consists of the required distribution functions
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convoluted with functions whose fora depends on the atomic scat-
tering factors and on g(s).

A majocr fundamental problem thus arises in the case of mate-
rials containing more than one kind of atosmic species. One dif-
fraction experiment is not sufficient to determine the individual
pij functions even though the QU functions can be readily cal-
culaced. Keating (19) has given a discussion of this problea and
has pointed out the possibility that the individual °ij functions
may be determined by carrying cut di{ffraction experiments using
different types of radiation, e.g., .-rays, electrons and neu-
trons.

It is to be .ioted that peaks in the distribution functions
are broadened and that ripple peaks may exist in the computed
transform. In iddition, the areas of peaks in the radial dis-
tributions 4=rzoij(r) are weighted by factors 5(o)fi(o)fj(o)/Fz(o).

c. Microcrystalline Films. W¥hen the grain sfize of poly-

crystalline films is of the order of one or two unit cells only,
the diffraction pattern ie¢ very diffuse and the crystal type can-
not be readily identified by examination of the diffraction peak
sequence. A number of authors have calculated the shape of the
interference function si(s) for small crystallites. The procedure
is simply to count the number of bond lengths of different sizes
within a cfystallit@ of given size and to calculate i(s) from the
Debv equation. An impls -it assumption is made that the micro-
crystallites are randomly oriented and intercrystallite inter-
ferences are neglected. Figure 2 shows two typical calculated

curves for fcc crystallites with, for comparison, an experimental
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curve for a deposit of Ni of approxicately 10 A mean thickness
(20). Calculations for fcc Crystallites have beern made by Germer
and White (21) and Grigson and Barton (22), for bcc crystallites
by Morozumi and Ritter (23), and for diamond Crystallites by
Tsiensuu et al. (24). Such curves illustrate very well the dif-
fuseness of the diffraction pPattern resulting from small particle
size. It should be noted that particle size estimation from line
broadening formulae become unreliable in this extremely small

sire rango. Attempts to fft experimental curves are usually

microcrystallite size, and by the neglect of interference effects
across boundaries between Crystallites in the smal] crystallite

Calculations.

sity curves and the rdf of the experimental curve, 3p. There is
little doubt in this case that the very thin deposit consisted
largely of fcc microcrystallites.

The case of randomly oriented isolated, i.e., noncontiguous,

located within the bulk of the material, and hence the coordina-
tion numbers indicated by the rdf may be much decreased, since

they are averaged over al} atoms. A decrease in coordination
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number is also to be expected‘if a material contains a great many
voids. Figure 4 shows a plot of caiculafed mean nuﬁber of near-
est neighbors about any atom for,isola;ed, near cubic, fcc crys-
tallites of varying size. It may be sﬁown that theé mean eoordina-
tion numbers for fcc crystallites of rectaaghlar block shape

having sides of length 21, 12, lg is given by ; |

1

Cras = 3 LC,C Y2+ (et o (egepy’/h)

where C,, C,, C; are the mean coordiaation numbers foflcubes oﬁ
edge dimensions ll’ 91 13.

A particularly interesting'examination of very th1n depcs1ts
of lead films has been given by Herltage and T111ett (25), in uh1ch
it was found that f11ms of 8.5 & mean thickness showed good corres-
pondence with .curves calculated for fcc crysta111tes, while thlnner
films, of 2 R mean thlckness, did not. Instead, the rdf was found:
to agree very well with curves calculated. for close- -packed 1cosa-
hedral clusters 'Such clusters require spme few percent bond
length distortion but provide a very close-packed, but "nan-crysl‘
talline," arranéement that may be stable'fof small clusters (26).
This is an important result that shows the great potent1a11tv of

the rdf technlque for the 1nvest1gat10n of atomic conflguratlons in

small nuclei formed during the initial stages of film deposition.

3. Experimental Requirements
An important parameter required for the calculation of the
rdf is the density p (average number of atoms/AS) Very typic-

ally, measurements 1nd1cate a value of p, some S or 10% smaller
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than the value for crystalline material of the same composition.
Moss and Graczyk (27) have noted that the decrease in density of
amorphous Si films was associated with internal voids as evi-
denced by appreciable electron small angle scattering. As the
films were annealed the small angle scattering decreased, indi-
cating an increase in density for the films. It seems probable
that density values that are unusually low may be due to the
presence of microscopic cracks or voids. This raises the question
as to the correct value of éo to be used in the calculation of the
rdf. It may be shown that very approximately the change AC in
nearest neighbor coordination number due to a change apo,, in den-
sity arising from the presence of internal voids of linear dimen-
sion 2 is given by AC/C = (Apo/po)d/l, where d = po°1/3, i.e.,

an interafomic distance. C and p, are values of cocrdination num-
ber and density in the absencé of voids. For a film to show ap-
preciable small angle scattering, void size must be considerably
larger than d and hence the actual mean céordination number in

the material is little affected by the presence of the voids. If
the voids shrink to'atomic vacancy size, then AC/C is of order
Apo/po; in itself not a large change, bearing in mind the experi-
mental uncertainty in Po and in the transformed curves. The value

of p, to be employed should therefore be that intrinsic to the

o)
amorphous material with exclusion of effects due to macroscopic
voids.

Inclusion of significant small angle scattering intensity in

the diffraction data has the effect of adding a density contribu-

tion to G(r), i.e., the slope of the G(r) curve at small r is
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found to be -4nrup0 instead of -4nrpo, where u is somewhat less
than unity. This effect has been noted by Moss and Graczyk (27)
and by Denbigh and the present author (28). A more complete dis-
cussion of the influence of neglected small angle scattering in
rdf analysis has been given by Cargill (29).

A possible check on the value of density may be obtained in
the case nf Si and Ge by comparing the small sh&ft in the elec-
tron energy plasma loss peak due to thé excitation of long range
density fluctuations in the.outer shell electron population. In
the simplest theory the loss peak occurs at an energy proportional
to the square root of the valence electron density. If it is
assumed the difference in peak position between crystalline and
amorphous films is due entirely to a bulk density change, then
the densify deduced for the amorphous Si or Ge films is only 3 to
5% less than the crystalline Qalue, as noted by Richter and col-
laborators (30). Unfortunately, this technique is not of general
applicability since plasma loss peaks are rather broad in many
materials.

It should be néted that the successful application of the
Fourier transform technique requires intensity data of reasonable
accuracy from small to large scatteringlangles. The theory as-
sumes that‘there is no preferred orientation of scattering units,
that multiple scattering (31) and inelastic scattering contribu-
tions are negligible, and that small angle scattering effects
are properly treated.

The question arises, what value of maximum scattering angle

gives an acceptable resolution of the peaks in the rdf? It may
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be said briefly that the ripples of the si(s) function should
have become largely attenuated at the end of the angular range.
Whether this is achievable in practice depends on the sharpness
of the first peak in the rdf and on the limitations of available
equipment. The shape of the peaks in the rdf, as mentioned pre-
viously, are determined by a convolution product, and the valid-
ity of peak shape should be established by deconvolution of the
curve.

For observation with an electron beam of energy 50 kev,
films should be thin, of oraer 100 A or less, and an electron
energy filter should be used to reject inelastically scattered
electrons. This requirement has been met only in very few cases;
more usually, numerical corrections are made to the data. The
data are divided by Fz(s) and are normalized by noting that
I(s)/Fz(s) tends to a constanf value Ninfiz(s)/Fz(s) at large s;
hence a value for N may be obtained that also takes into account
instrumental gain factors (3%j.

The electron scattering factors are available in tabulated
form and are considéred to be reliable for large values of s, but
the behavior at small s is less well established. An extensive
discussion of scattering factors in electron diffraction may be
found 1in ;he article by Seip (33).

Finally, si(s) is calculated from
. _ 2 2
si(s) = s[I(s) - Ninfi (s)]/NF“(s).

The transform of g(sjsi(s) i then carried out where g(s) is a

lowly varying functi 0 < < i >
slowly ying tion over o S Smax’ is zero for s Smax’
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and is equal to unity at s = 0.

The result is a sum of convolution products involving dis-
tribution functions pij(r), where pij(r) gives the number of
atoms of type j per unit volume at distance r from an atom of
type i. In general, the diffraction experiment does not orovide
sufficient data to determine the individual Pij distributions.
This serious difficulty does not arise in the case of elements
and the transform gives then a convolution product involving a
single distribution function 4nr[p(r)-o,] and the transform of
g(s). Thus, even in the case of elemental amorphous films the
transform precedure does not immediately give 4wr[p(r)-p0] and
hence permit the calculation of the rdf 4nrzp(r). Although this
point is well recognized, it is not made ~lear in the literature
where almost invariably no distinction is drawn between the con-
voluted radial distribution function and the true rdf.

A very useful technique for obtaining a deconvoluted rdf has
been employed by Mozzi and Warren (34) in an (x-ray) re-evaluation
of the structure of vitreous silica. In this method pair func-
tions are obtained By calculating the transform of a theoretical
si(s) arising from the interference “etween atoms of given type
and constant interatomic spacing. The calculation is repeated
with variogs degrees of thermal broadening and the transform is
carried out over the same range as that employed in treating the
experimental data. Thus the area and shape of a peak due to
interference contributions between atoms of several types can be
compared and employed to analyze the rdf. Full details are to be

found in the book by Warren (11). The importance of due attention
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to the analysis of the data usirg deconvolution techniques cannot
be overemphasized when detailed information is to be extracted
from the rdf. This procedure combined with instrumentation

in which intensities are recorded electricaliy, and inco-

herent or inelastic contributions are rejected experimentally,

represents a major improvement in rdf analysis.

III. EXPERIMENTAL TECHNIQUES

[

1. Photographic Recording of Intensity

The conventional technique of recording electron diffraction
patterns by.exposing photographic plates to the scattered elec-
tron beam suffefs from several major disédvantages when applied
to the measurement of diffuse patterns:

i) The plate records inelastic as well as elastic-
ally scattered electrons, making necessary cor-
rections for inelastic background.

-ii) Intensity varies across the pattern by several

orders of magnitude.

iii) It is necessary to calibrate the photographic
plates so that the relation between optical den-
sity and exposure to electron beam is reliably
"known (35,36).

Many materials have been examined, however, by photographic
recording techniques and much valuable information has been ob-
tained. In some cases, however, the experimental rdfs have been
analyzed into a series of overlapping sharper peaks in order to

improve on the obtained experimental resolution. It must be
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cautioned that this procedure requires high fidelity of peak
shape, and hence slowly varying systematic errors in the intensity

data must not be permitted.

2. Electronic Recording Technique

An advance in the precision of intensity measurement was
brought about by the development of the scanning or direct record-
ing technique. In one type of instrument developed by Grigson
and coworkers at the University of Cambridge (37), and by Grig-
son and the present author at the Bell Telephone Laboratories
(38,39), the scattered electron beams are deflected to and fro
across a very small aperture by a pair of magnetic coils situated
beneath the specimen; Electrons entering the aperture pass
through an electrostatic filter, which rejects eiectrons that
have lost more than a few volts in energy. Tﬁe transmitted elec-
trons are collected by a Faraday cage or other type of detector.
This is showr schematically in Fig. 5. A comprehensive review of
the electronic recording technique and its application to thin
film studies has been given by Grigsbn (40).

Direct recording techniques and filters for electron energy
analysis have been pioneered by Molensteht (41), Boersch (42),
Sianson and Marton (43), Burggraf and Goldsztaub (44), and Raether
and coworkers (45), but in these cases attention has been directed
primarily to the study of scattering mechanisms rather than to the
analysis of film structure. An energy filtered direct recording

arrangement incorporated into an electron microscope has been
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described by Moss and Graczyk (46). This is a very powerful tech-
nique combining both electron microscopy and direct recording
electron diffraction. A commercial direct recording high vacuum
energy filtered diffraction unit is now.available (47) and an
electron microscope direct recording energy filter accessory is
available from AEI (48).

The direct measurement of an intensity profile of elastic-
ally scattered electrons makes this type of instrﬁment an almost
ideal tool‘for the investigétion of diffusely scattering materials.
The advantages to bh: gained from such an instrument are

i) experimental elimination of incoherent, i.e.,
inelastic scattering,
ii) very good comparative measurement as some param-
. eter, e.g., time, temperature, is varied, and

iii) extension of measurements to a greater angular

range.

It is to be noted that the major improvement to be expected
in the rdf lies in the more réliable peak shapes and in better
peak resolution rather than in any radical change in major fea-

tures such as nearest neighbor distance.

IV. REVIEW OF RDF MEASUREMENTS

In this section rdf work on thin films is reviewed. Atten-
tion has been given to the electron diffraction studies of films
of a few hundred X or less prepared by vapor deposition techniques.

Work on much thicker films, e.g., many microns in thickness,
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utilizing x-ray diffraction has been included in some cases for
comparison with the electron diffraction results. It is hoped
that this compilation will convey a useful impression of the work
carried out on the structure of amorphous films, although the
major part of this work has been carried out using photographic
techniques, and only in recent years has the energy filtered elec-
tron diffractometer become available. Generally speaking, little
attention has been given to termination broadening of rdf curves
and deconvelution has been éeldom attempted. Where appropriate,
similar materials are grouped together under a common heading to

avoid repetition.

1. Elements

a. Amorphous Metals - Fe, Cr, Ti, Mn, Co, Ni, Pd, Y

While early work on the deposition of metals onto very low
temperature substrates had indicated that the resulting films
were polycrystalline (49,50), a number of papers have indicated
that a diffusely diffracting film may be obtained, at least dnr-
ing the initial stages of deposition; the film subsequently crys-
tallizes as the temperature is allowed to rise or upon other
treatment (52,53). Fujime (54,55) reported obtaining amorphous
films of Fe, Cr, Ti, Mn, Co, Ni, Pd and Y by low temperature
vapor deposition, and concluded from photographic electron dif-
fraction observations that the local order is essentially liquid-
like. The diffuse scattering from very thin films may be due to
either fine grain size or to atomic disorder. A particularly
interesting observation has been reported by Heritage and Tillett

(25) in which thin films of Pb were grown on carbon films inside
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a direct recording energy filtered system, and rdfs were obtained
at various stages of film growth as shown in Fig. 6. While films
of mean thickness greater than 8 A appeared to consist of very
small crystallites, the rdfs from thinner films could not be so
directly interpreted. Intensity profiles were recorded con-
tinuously as thickness was increased, and in this way a compari-
son between rdfs could be made from data obtained and treated in

a similar manner, lending considerable credence to the changes

observed. <However, it was found that an excellent fit to the

rdfs could be obtained by assuming that the atoms formed close
packed polyhedral clusters. Such clusters are more densely packed
than the fcc structure but involve bulk strains that make the
formation of large clusters of this type energetically unfavor-
able (26)l Grigson, Dove and Stilwell found that thin films of

Fe grown inside a direct recofding energy filtered electron dif-
fraction system (56) consistently gave diffuse diffraction pat-
terns; crystallization occurred at a critical thickness, but the
effects of impurities or temperature were not investigated. Later
rdfs of these films'shown in Fig. 7 were in approximate agreement
with those of Fujime, however, the sequence of peaks was inter-
preted as platelets of close packed planés, e.g., fcc {111} planes
randomly s;acked. It is of interest to note that Fe possesses a
high temperature fcc phase and high pressure hexagonal phase, and
that epitaxial fcc films have been oBtained under certain condi-
tions (57). Since the amorphous films were found to be ferro-
magnetic with magnetization considerably less than that of crys-

talline iron, consideration of the properties of the several
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phases of iron (58) suggests that a model for the local order
based on a highly faulted fcc structure would be most probable.
The rdfs show a close resemblance to that reported by Wagner
(60) for splat cooled Fe with some 20% carbon and phosphorus
additions, shown in Fig. 8. On crystallizing the films, only
a-Fe was found with no sign of carbides or other compounds, dif-
fering in this respect from the splat cooled materials.

Antimony and Arsenic

"~ Geiling and Richter (61) prepared thin fiims of arsenic by
sublimation and chemical deposition of very fine particles. Elec-
tron and x-ray diffraction patteins showed only diffuse haloes
although crystallization could be brought about by heating to
285°C. The nearest neighbor distance was found to be 2.40 X in-
stead of the crystalline value 2.51 A, with a coordination of
3.2 in good agreement with thé crystalline value 3.0. Other dis-
tances were in approximate consistency with interatomic distances
in crystalline arsenic, except that the second nearest distance
of 3.15 X appeared to be absent from the rdf. The third neighbor
distance had a coordination of 9 instead of the crystalline value
6. In later work Richter and Gommel (62) obtained agreement with
the crystalline nearest neighbor distance, but the second neigh-
bor distance occurring in crystalline material was absent or
much reduced in the rdf. The authors suggested that the amor-
phous films consist of regions of ordered layers similar to the
layers occurring in the crystalline form. This work was further
reviewed by Breitliné (63). The structure of crystalline

arsenic is a layer structure consisting of three
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coordinated arsenic atoms. X-ray studies on arscnic films have
been reported by Richter and Breitling (64) and more recently by
Krebs and Steffen (65). The latter authors report a nearest
neighbor distance of 2.49 % and coordination 3.0. This paper
also contains a discussion of local order in "explosive” antimony.
The effect of impurities of various types in stabilizing or de-
vitrifying amorphous antimony films is reported in several papers
by Palatnik and Kosevich (66).

Bismuth and Gallium '

In a remarkable series of experiments by Buckel amé Hilsch
(49), Bulow (50) and Bulow and Buckel (51), films of # and Ca
deposited onto very low temperature substrates were found to be
superconducting with transition temperatures of 6° and 8.4°K.

The electron diffraction patterns taken at cryogenic temperatures
were extremely diffuse until film temperature was allowed to rise
to about 15°K whereupon crystallization occurred. The bismuth
films were then no longer superconducting and the gallium films
had a new transition temperature of 6°K. Further heat treatment
lowered Tc tc 1.07°K.

The diffuse diffraction patterns of the vapor quen-aed films
were analyzed by Leonhardt et al. (67) and later by Richter (68)
and'Richte? and Breitling (69). The amorphous films were found
to have a close packed structure very similar to that of liquid
bismuth. Work by Fujime (70) is consistent with this vesult;
peaks in the rdf were located at 3.28, 4.5 &nd 6.5 3 with nearest
neighbor coordination of $.6. This is somevhat smaller than the

value 6.7 found by Richter aﬁd collaborators, but both values are
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comparable with results obtained by Takagi (71) on supercooled
liquid bismuth films where the nearest neighbor coordination var-
ied from 8.0 at 400°C to 6.0 for supercooled films at 110°C.

This work was carried out using S0 kv electrons in reflection and
is possibly unique in that rdfs were calculated from reflection
diffraction curves. Numerical corrections applied to the data
arc considerable, due to the large background of inelastic secon-
dary clectrons.

Gallium appears to behave very similarly and is discussed
along with bismuth in many of the above papers. Presumably the
occurrence of superconductivity at elevated transition tempera-
tures is connected with an increase in density compared with the
normal structures. Bismuth contracts on melting and also con-
tracts under high pressure to form superconducting phases. Rich-
ter and Breitling in later papers proposed that the amorphous
phase is stabilized by the simultaneous occurrence of both close
packed and layer-like regions in the films.

Beryllium

As in the case of bismuth, thin films of beryllium prepared
by deposition onto substrates at cryogenic temperatures beconme
superconducting with Tc -8°K or 6°K depending on preparation con-
ditions. Fujime (72) deposited beryliium films over 500 X in thick-
ness onto collodion and carbon film substrates held at 4.2°K. The
vacuum level at the specimen was reported to be approximately
2-10"7 torr. Very diffuse diffraction patterns were obtained
photographically with the specimen at cryogenic temperature. The

onset of crystallization was noted when the temperature was
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allowed to rise to about 130°K. Corrections to data were applied
for substrate scattering and inco! 1t background, and the rdf
was calculated using a gaussian termination function. Peaks in
the rdf were found at 2.25, 3.7 and 5.8 K, with a nearest neigh-
bor coordination of 11, this being consistent with a local order
similar to that in the cph crystalline structure of beryllium.
The author concluded that the films were not microcrystalline
largely on the basis of the scarcity of peaks in the rdf and
their broadness. This is not a very sure criterion, however, in
view of the uncertainties surrounding the data and the use of a
termination factor.

Boron

Katada has examined films of boron, a few hundred A in thick-
ness, using electron diffraction (73). The films were deposited
onto rocksalt in a vacuum of approximately 10'S torr. The photo-
graphic plates showed diffuse rings only with eleven haloes out
to 4nsin6/2 = 23 A'l. A correction factor was applied to obtain
the intensity of elastically scattered electrons. Several tech-
niques were employed to compare the first peak of the rdf with
that which would be expected for nearest neighbor distances and
coordination corresponding to the icosahedral structure in the
crystalline forms of boron. It was concluded that a local atomic
order corrésponding to thit in the crystalline phase would be
quite consistent with the rdf. It was necessary, however, to fit
the first peak to five subsidiary peaks and, in addition, some

indications that multiple scattering may have influenced the data

were reported. A bond length of 1.47 § arising as part of the
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analysis of the first rdf peak was.considered as possibly due to
boron-oxygen bonds in the films: o . : '

Carbon ‘ ‘ | .

Carbon films, typically prepared by subliming from high pur-
ity rods in a vacuunm, have beéen much used for specimen supports
in electron microscopy It has long been known that such films
show a graininess when observed at the hlghest atta1nab1e mag—E
n1f1cat10n This gra1n1ness has been varlously ascr1bed to a
phase contrast mechanlsm, and to m1crocrysta111ne contrast. The
d1ffract10n pattern from carbon films is very diffuse and has been
the subject' of study by Kak1nok1 et a1 (74), B01ko et al (75 76),
and the present author and collaborators (77). ‘

Kakinoki et al. examined films of 100 X thickness using
photographlc techniques and a data range out to 4n51n6/kx= Zf A'l.
Background correctlons to data were applied that were partlcularly ‘
important at’ low anglesar The authors are'careful to distinguish
between the rdf bbtained by transforming data over a finite range
and the actual rdf for the material. The first peak in the rdf
indicated an 1nteratom1c distance of 1 s0 & 1y1ng between the
values 1.42' and 1.54 A for carbon- carbon distances in graph1te=
and diamond, respectlve}y. The first and second peaks were there-

fore decomposed into overlapning subpeaks and the author concluded

1

that the films actually contalned regions of both graohltlc and

)

diamond ordering. This aspect was dlscussed further by Kaklnokl
in a 1atér paper. More recent work by Boiko et al. (75, 76) using
energy f11tered electron d1ffract10n with electronic recordlhg
failed to find any d1amond type of ordering and found a graphitic

!
i
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local ordering. This result was also obtained by the present
author as shown in Fig. 9. More recent observations on heat
treated films by Heritage et al. (78) confirm this and show a
gradual sharpening of peaks in both the intensity and rdf curves ,
indicating increasing graphitic ordering. Work on bulk glassy
carbons formed by pyrolysis of polymeric material may well show
the presence of other types of carbon bonds (14,79,80).

Hexagonal cells have been resolved in extremély thin films
’ by Heidenreich using extremély high resolution microscppy (81)
indicative of a graphitic microstructure, although it is to be
‘noted that a further hexagonal structure of carbon has been re-
ported (82). Rudee has also reported on a microcrystalline struc-
ture in carbon films using high resolution dark field electron
microscopy, a difficult but extremely promising technique for '
structural observations on amérphous films (83). A similar ob-
servation has also been made by Tanaka (84).

Gallium (see Bismuth and Gallium)

Germanium and Silicon

Amorphous films of germanium (63,67,84-97) and silicon (27,
92) have been the subject of many investigations leading to a
variety of conjectures concerning the details of local atomic
tonfigurations. Richter and collaborators (67) examined films
under différent conditions using electrons and x-rays and noted
that the tetrahedral coordination between atoms characteristic
of crystalline Ge and Si was preserved in the films, as evidenced
by the first and second peaks in the rdf. Higher order peaks did

not £{it a microcrystalline model and the authors proposed in
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several papers models based on atomic layers, chains of rotated
tetrahedra and regions of relative order separated by disordered
material. In much later work the authors have elaborated upon
these models, choosing to distinguish between structures on the
basis of fine differences between rdfs which are not in thenmselves
entirely free from defects (63).

Coleman and Thomas (92) report on <ilicon films examined by
electronically recorded electron diffraction, without energy fil-
tering. The authors also nbted that the peaks in the rdf may be
fitted to microcrystalline models, except that the third peak
(very strong in the crystalline case), is considerably attenuated.
The authors proposed a structural model, referred to as the
"amorphon," in which atoms join in five-sided rings to form a
follow spherical cavity with bonds extending outwards from the
cavity. A rough fit to the r&f was obtained by averaging over
local microcrystalline and amorphon configurations. This geomet -
rical curiousity, however, offers 1little advantage over the
twisted chain of tetrahedra model.

In more recent-work Grigorovici and collaborators (58) have
given an extensive discussion of the problem of building a glassy
network using the tetrahedron as a unit and introduced the con-
cept of pa;king together Voronoi polyhedra to generate a three-
dimensional structure. The major feature of this work is the
mixing of staggered and eclipsed configurations in which adjoin-
ing tetrahedra are rotated 0 or 180° relative to their crystal-
line arrangement. |

Work by Moss and Graczyk (27) on Si films using energy fil-

tered electron diffraction, and by Chang and the p.esent author



-33-

(93) on Ge films, has given very similar rdfs for the two mate-
rials as shown in Figs. 10 and 11. Figure 1la shows the rdf
obtained by carrying out the transform with no termination €func-
tion; termination ripples are prominent. Figure 11b shows the
final rdf obtained by numerical deconvolution of 1la. In both
cases the first peak of the rdf is found to be very sharp. The
spread in the nearest neighbor interatomic distance is largely
due to atomic vibrations and static bond distortions appear to be
quite small, when allowancé is made for termination effects. The
nearest neighbor distance is not significantly different to that
in the crystalline material. The second peak in the rdf is
broader than the first; this distance involves the tetrahedral
bond angle and it was estimated that a distortion of bond angle
by aboutlls or 20° would account for the spread in interatomic
distance. The second peak also has a coordination very close to
the crystalline value 12. The next peak in the rdf depends on
the relative fitting together of adjoining tetrahedra. In the
crystalline case this is a strong, coordination 12, well-defined
peak, but in the fiims this is considerably spread out and is
scarcely apparent as a peak in the rdf, although a small peak is
to be seen at a somewhat greater distance. This peak could arise
from a relative rotation of 30° of the tetrahedra with respect

to each other, and possibly in other ways as well. Attempts to
fit the rdfs with microcrystalline models including other struc-
tures such as wurtzite and the Ge high pressure phases have not
been successful (94);

It is of interest to note that Polk (95) has constructed a
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mechanical model in which a three-dimensional network is built
up using tetrahedral coordination with appropriate angular dis-
tortions of the linkages. The calculated rdf for this structure
is in the form of a histogram, but is consistent with the exper-
imental rdf. Henderson and Herman (96) have generated models by
computer with similar results. An rdf of Ge with high peak reso-
lution obtained by x-ray techniques has been reported recently
by Shevchik (96). 1In all of this work a picture émerges in which
the tetrahedral bonding is ﬁreserved with little distortion of
the strong nearest neighbor bonds but in which some bond angle
distortions occur. Little definitive can be said about more long-
range structural details, although work by Brodsky and Title (98)
using esr techniques suggests that rather few dangling bonds are
present and that esr signals are due to internal voids. While
models based entirely on micrécrystalline regions do not appear
to fit the rdfs, the presence of a substantial proportion of
microcrystalline regions cannot be entirely discounted.

Rudee, using high resolution dark field electron microscopy
(99) in fact reporté on the observation of small crystalline
regions in amorphous Ge and Si films and suggests that most of the
material is contained within the ordered regions. It is of inter-
est that even in these (structurally) relatively simple materials,
which have been examined by many investigators, uncertainty still
exists on the basic character of the amorphous structure. It is
a possibility that variations all the way from a completely
three-dimensional gléssy network structure to one containing a

high proportion of ordered regions may exist depending on

e e v, el
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preparative conditions and thermal history. The best presently
available rdf data do not rule out the possibility of crystalline
regions existing in the films but do indicate that the propor-
tion of diamond crystalline regions in those films examined can-
not have been very large.

An important structural technique utilizing x-ray absorption
edge fine structure has recently been applied to a comparison of
amorphous and crystalline Ge by Sayers, Stern and Lytle (100).

An atomic distribution function is obtained directly from the
data, the results being in reasonable agreement with those of the
rdf investigations. This technique is likely to be of special
importance for the examination of compounds since the environment
of each type of atom may be probed separately.

Selenium

Crystalline Se exists in several modifications, the a-mono-
clinic structure consisting of Se8 ring molecules and a trigonal
structure in which the Se atoms 1link to form helical chains. 1In
both cases the selenium atoms form strong bonds with two neigh-
bors, but the rings.or chains are only weally bound together by
long-range forces. Rdf curves of vitreous selenium have been
reported by a numbevr of workers using both x-ray and electron
diffraction techniques (101-113). There is little question that
the nearest neighbor covalent bonding with two-fold coordination
is preserved in the glassy stage; most of the interpretations of
the rdfs have hinged on deducing the presence of rings or chains,
singly or together. .Hendus (103) compared his results with the

structure of crystalline a-Sé. Richter and collaborators (104-107)
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over a number of years proposed a médel based on a structure
composed of layers of selenium chains. In other work with Grim-
minger and Greninger (108), a chain structure is favored at room
temperature and six-membered rings at -180°C. Neutron diffrac-
tion by Henninger et al. indicated a mixture of chains (109).
Kaplow et al. (110), using careful x-ray techniques, compared
vitreous and polycrystalline hexagonal selenium prepared by both
casting and vapor deposition techniques. Rdf curves for the
monoclinic.a and 8 forms were calculated from the crystal struc-
tures, including allowance for atomic thermal motion. The auth-
ors concluded that a combination of microcrystalline structures
would not reproduce the rdf exactly, and carried out an interest-
ing computer exercise to disorder the known crystal structures

to try to'improve the fit with the rdf. Examination of the com-
puter generated atomic positiéns revealed that the best fit was
obtained with slightly distorted ring structures with some small
proportion of chains. This is in agreement with infrared work
by Lucovsky (111,112) in which a strong correlation was found be-
tween amorphous Se énd the Se8 ring structure crystalline form.
It may be noted that Andrievskii et al. (113), using photographic
electron diffraction, obtained rdfs at various temperatures
around room temperature and above. They éonclude that Se8 rings
exist at 20°C, short chains at 70°C and a mixture at intermediate
temperatures. This i< a very interesting result that remains to

be verified with other techniques.
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2. Compounds
a. Metals

Vapor deposition of certain metallic alloys onto cooled sub-
strates has been found to produce films that give an extremely
diffuse diffraction pattern. Details of this work have been dis-
cussed by Mader and collaborators (114) and may be compared with
the extensive results obtained by forcibly splat cooling bulk
alloys onto cooled substrates reported by Duwez and coworkers
(115). .

Ag-Cu

Ag and Cu were deposited simultaneously onto a substrate at
77°K and the films were examined by electron diffraction. From
rdf analysis of the intensity curve, Fujime (116) concluded that
the film was in an "amorphous state'" but models for the local
atomic configurations were nof discussed. A detailed x-ray analy-
sis of 1p thick films of vapor quenched Ag-Cu alloys by Wagner
et al. (117), however, led to the conclusion that their films
consisted of fcc microcrystallites with particle size of order
15 A.

Ag-Ge

Films of thickness from 1 to 3u were prepared by coevapora-
tion of Ag and Ge into substrates at liquid nitrogen temperature.
Light and Wagner (118) investigated films of several compositions
and found that they consisted of Ag éolid solution and Ge. The
Ag phase was thought to be polycrystalline with particle size of
order 15 R. Line bréadening calculations were consistent with

this result.
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Au-Co

Fujime (119), using photographic electron diffraction, re-
ports on the rdf of a vapor quenched Au-Co film. The fairly
broad first peak in the rdf was thought‘to be due to overlapping
Au-Au, Co-Co and Au-Co distances. Other peaks in the rdf were
greatly attenuated indicating little ordér in the film. The area
of the nearest neighbor peaks was found to be 5.5 in considerable
variance with the figure of 12 or slightly less that might be ex-
pected for a close packed sfructure.

Cr-Ni

The structure of nickel-chromium alloy films has been ex-
amined by Bicknell (120) using electron microscopy and electron
diffraction. The films were prepared by flash evaporation onto
Toom température substrates in a vacuum of 10'4 torr. The com-
positions were similar to thoée used in alloy film resistors.

It was found that the rdfs cou’d be analyzed in terms of an as-
sembly of fcc or bcc crystallites or a mixture of both. As
chromium content was increased, the deposited film became less
evidently crystalliﬁe and crystal growth during annealing de-
creased. Growth of fcc crystallites occurred at 300 to 400°cC,
while at 600°C Cr203 formed. Evidence for Cr-O bonds was not
found in the rdfs, taken prior to heat tréatment.

BiPb

Bismuth-lead films containing 12% Bi were vapor quenched
onto substrates at 4.2°K inside an electron diffraction camera.
Fujime (72) found that the films gave a very diffuse pattern and

were stable up to 8.9°K, when transformation to an fcc structure
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occurred. Peaks in the rdf are reported at 3.25, 5.2 and 7.8 A
with a nearest neighbor coordination number of 8.5. The local
order is not commented upon but the results of Sharrah and Smith
(121) on 1liquid lead at 550°C using neutron diffraction are noted
for comparison. In this case the nearest neighbor distance was
3.40 R with a coordination of 9.5.

FeNi

Fujime (54) examined films of Fe-50% Ni deposited onto sub-
strates held at a 1low tempefature. Rdfs were obtained by photo-
graphic electron diffraction and peaks at 2.64, 4.4, 6.6 and 8.7 R
were noted. The first coordination number was found to have a
value 8, and the structure was thought to be "liquid-like" but
this was not elaborated upon.

b. Semiconductors

As,S;

AsZS3 films were evaporated onto cold rock salt substrates

and were examined by photographic electroﬁ diffraction techniques.
The rdf reported by Tatarinova (91) shows a split first peak and
negative overshoot. The author concludes that the short range
order in the films is similar to that in the crvstalline struc-
ture (122) where the nearest neighbor coordination numbers are 3
and 2.

As,Se . and As,Te,

Andrievskii et al. (123) have prepared films of As,Se, and

AsZTe3 of thickness from 500 to 1,200 A by evaporation in vacuum

onto cellulose nitrate support films. The support films were

dissolved in acetone and the remaining films were examined by
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photographic electron diffraction. The films were then given
mild heat treatments. Nearest neighbor coordination numbers were
found to vary with temperature between the values 4 and 7, and
nearest neighbor separation was close to that obtained from the
sum of the covalent radii. Considerable negative overshoot is
evident in some of the rdfs, however, which is not surprising in
view of the great thickness of the films, -and detailed interpre-
tation of the results should be carried out with caution.

GaAs

GaAs films were prepared by vapor deposition onto room tem-
perature plastic substrate films at room temperature and were
examined by Tatarinova using photographic electron diffraction
(91). The rdf curves showed maxima at 2.53 and 4.25 & with co-
ordinations of approximately 4 and 10, respectively. It was con-
cluded that the tetrahedral atomic configuration characteristic
of the crystalline form is retained in the films.

GaSb

Mikolaichuk and Dutchak (124) deposited GaSb films to a
thickness of 300-706 X onto room temperature cellulose nitrate
substrates in a vacuum of 10-5 torr. The substrates were then
dissolved and electron diffraction pattérns were recorded photo-
graphically. Amorphous films were obtained regardless of evapo-
ration rate. It was concluded that the local order was tetra-
hedral as in crystalline GaSb with nearest neighbor distance ap-

proximately as in the crystalline phase. Heat treatment up to

90°C had little effect on the films.
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GaSe

Amorphous films of GaSe have been examined by Tatarinova
(125) using photographic electron diffraction. The films were
reported to be very stable. The rdf showed maxima at 2.40 and
3.75 X which may be compared with the interatomic distances 2.33,
2.48, 3.75 and 3.84 R in the crystalline form. Coordination num-
bers of 6 and 12 are reported for the first two peaks; however,
the rdf shows negative overshoot and values for coordination num-
bers are not likely to be reliable in such a case.

Ga,Se; and Gi,Te,

Thin films cf Ga,Se, and Gaz‘l‘e3 were prepared by Andrievskii

3
et al. (126) by evaporation onto nitro-cellulose support films
which were then removed by dissolution. Photographic electron
diffraction was employed to obtain rdfs. The structure of the
films was found not to depend on rate of evaporation or thickness,
but did change upon heat treatment. The nearest neighbor inter-
atomic distance was found to be 2.25 X, rather less than the
shortest Ga-Se interatomic distance 2.3¢ X in the crystalline
form. The nearest neighbor distance and coordination was found
to decrcase with heat trecatment to 200°C, but at higher tempera-
tures new peaks occurred. Heat treatment of anTc3 films in-
creased the degree of order and the films had a local order com-
parable with crystalline Ga,Te; after heat treatment at 50°C.

Ge,Se).x

Films of Ge,Se, . have been examined by Fawcett ct al.

(127) and by the present author and collaborators (128), both

groups using electron diffraction with energy filtering and
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electronic recording. A typical intensity curve is shown in Fig.
17. The rdf curves are consistent with a random network in which
tie Ge and Se atoms exhibit four- and two-fold coordination with
interatomic separation approximately equal to the sum of the
covalent radii, which in this case predicts bond lengths of 2.44,
2.39 and 2.34 A for Ge-Ge, Ge-Se and Se-Se neighbors. The first
peak in the rdf does not allow a determination of the relative
number of the different types of bonds and it is therefore very
difficult to decide whether bonds between unlike neighbors are
favored. A G@Sc2 glass in the ordered case would be a structural
analogue of vitreous silica. Interestingly, the structure of crys-
talline GcSc2 is reported to be a distorted CdI2 layver structure
(129) in which each layer consists of Ge atonms surrounded by 6 Se
atoms while each Se has 3 Ge neighbors, resulting in a nearest
neighbor coordination of 4 within tke layers. GeSe, the other
crystalline compound occurring in the equilibrium phase diagram
(130), has a distorted cubic structure with several nearest neigh-
bor bond lengths. Mikolaichuk and Kogut (131), however, using
photographic electron diffraction, obtained rdfs of azorphous
films of GeSe that had a first peak at 2.60 { and a nearest neigh-
bor coordination of approximately 6. These authors concluded

that the local order was the same as in crystalline GeSe.

In a Actailcd study of GcSco‘7 and GeScl.S films and their
response to minor heat treatment, Molnar (132) has found very pro-
nounced changes in the intensity profiles and in the rdfs, indi-
cating an increase in nearest ncighbor coordination and the

occurrence of bonds at about 2.9 X in addition to the major bond
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length of 2.4 X. The intensity changes in the case of GeSe are
shown in Fig. 13 and the rcsultigé rdfs are shown in Fig. 14.
These changes were interpreted in terms of the nuclecation of the
crystalline phases, and were strongly influenced by the use of
copper mesh support.

Lytle and collaborators (133) have obtained atomic distri-
bution curves for Se and Ge atoms about a Ge as center and also
about an Se atom as center, using x-ray absorption edge data.

The curves shows the Se atoms lying at two nearest neighbor dis-
tances as shown in Fig. 15. This technique, particularly when
combined with rdf data, promises to be of extreme importance for
the analysis of multicomponent materials.

E-‘-’--x_-r-ﬂ‘!-hx

The electronic and other properties of films of chTcl-x and
related more complicated compounds have been the subject of ex-
tensive investigations in recent years. In tellurium-rich compo-
sitions, bulk glasses may be obtained while amorphous films may
be prepared at almost all compositions depending on substrate
temperature. X-ray work by Bienenstock and collaborators (134,
135) has shown that structural models in which Ge and Te possess
four-fold and two-fold coordinations and in which the cffective
atomic radii are close to the covalent radii, are consistent with
the rdf curves. Intensity and rdf curves are shown in Figs. 16
and 17. A similar result for Te-rich compositions was obtained
by Luo and Duwez (136). This result was also found to hold for

films very close to the 50 at.% composition, i.e., GeTe, and it

was concluded by Bienenstock and collaborators that a local order
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characteristic of crystalline GeTe was not present in the films.
The structﬁre of GeTe' is distorted cubic (138), becoming cubic at.
high temperatures with an cxbanded nearest'néighbor distance Jf
3.00 A and a coordination of 6.0, Whlch may be compared with the
result for f11ms of '2.70 R and coordlnatlon of order 3. Dove |
et al. (137) examined very thin sputtered films of GeTe using
energy f11tered electronically recorded electron dlffractlon and
also found a nearest neighbor conflguratlon different from that
of crystalling GeTe. 1In this case, a nearest neighbor distance
of 2.65 K and codrdination oflorger 4 was found and a tetra-
hedrai atomic configuration was suggested. In later work a
smaller value of cogrdination was obtained although the actual
value appéars to be quite gcnsitive to electron beam exposure or ‘
thermal treatment of the films (139). Mikolaiéhuk and Kogut (131),
on the other hand, examined aﬁorphous films of GeTe (and GeSe)
using'photographic.eléctroh diffracfion, and obtained a nearest
neighbor coordination of order 6. It was céncluded that the local
order was therefore'simhlar tolthqf in crystalline GeTe, although
the mean nearest neighbor separation was fo?nd to be 2.75 .
Interest in the chalcogenide glasses stems from their poten
tial applitation in electronic switching aﬁd other devices and
in their use as infragcd transparent optical materials (140
Adler et al. (141) have carried out NMR measurements on GeTe,
bulk glasses and have discussed the degree of ionicity of the
primarily covalent bonds in the materialj Bet;s et al. (142) have

reported x-ray absorption edge and photoemission studies and con-

clude that the bonding in these alloys is primarily covalent.
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Crystallized samples and crystalline GeTe, GeSe and GeS showed

edge shifts different from those obtained from the glasses. Rustum
Roy and collaborators have reported on the important phenomenon of
phase separation (143) in these materials. Phase separation in

films has not been clearly established, however.

InAs

Films of InAs, prepared by deposition onto rock salt, have
been examined by Tatarinova (144), using photographically recorded
electron diffraction patterns. The radial distribution curves
show peaks at 2.5 and 3.8 R with a nearest neighbor coordination
of order 4. This does not agree completely with the tetrahedral
configuration in crystalline InAs where the distance between un-
like atoms is 2:61 A.

InSe

Films deposited onto room temperature rock salt substrates
were considered by Tatarinova and Kazmazovskaya (145) to be
microcrystalline although detailed calculations were not presented.
The first peak in the rdf curve was interpreted as consisting of
two overlapping peaks centered on 2.60 and 3.15 K; this may be
compared with the 2.50 and 3.16 & distances occurring in the crvs-
talline form (146).

In,Se, and In,Te,

Andrievskii et al. (126) report that the structure of films
of InZSe3 and InZTe3 depends strongly on conditions of prepara-
tion. Rdf curves were obtained at temperatures from 20° to 70°C
and appreciable changes in the curves were found. The tetrahedral
coordination of In was considered to be preserved as in the crys-

talline form.
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Sb,S4

Rdf curves obtained by Tatarinova (147) using photographic
electron diffraction show well-defined peaks but with consider-
able negative overshoot. The curves were interpreted in terms
of a relatively close packed structure in which 5.7 S atoms sur-
round an Sb atom and 3.8 Sb surround each S atom. In crystalline
antimonite (148), the nearest neighboring distances extend from
2.33 to 2.67 A with more atoms at distances between 2.84 and 3.60
K. Reshetnikov (149) has aiso examined films of SbZS3 obtaining
a somewhat different rdf. it was concluded that the local order
is similar to that of the antimonite crystal structure.

Sb,Se;

Films were prepared by vapor deposition onto plastic film
substrates at room temperature by Tatarinova (91). Rdfs were ob-
tained with a well-defined peak at 2.45 X. The second peak was
considered to consist of a group of three closely spaced peaks
at 3.30, 3.68 and 4.35 R. The rdf shows éonsiderable negative
overshoot, however. In the crystalline phase the distance be-
tween Sb-Se atoms i§ 2.50 X, while the distance between Sb-Sb
and Se-Se neighbors is 2.72 and 2.82 3, respectively; the struc-
ture consists of chains parallel to the ¢ axis (150). In work
by Andrievskii et al. (126), a nearest neighbor distance of 2.52 A
was obtained which increased with heat treatment to 2.63 X. The

nearest neighbor coordination number was found to be much lower

than in the crystalline form.
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Films of SbZTe3 prepared by Andrievskii et al. (126) were
found to have a nearest neighbor distance of 2.78 K, approxi-
mately the sum of the covalent radii of Sb and Te. In crystalline

SbZTe however, the shortest interatomic distances are 3.07,

3
3.17 and 3.63 A between the atom pairs Sb-Te, Sb-Te and Te-Te,
respectively (151). The structure of the films did not depend
on thickness but changed slightly with heat treatment.

$i0 _and Si0, '
Films of Si0O of varying Si to O ratio were prepared by Cole-

man and Thomas (152) using glow discharge techniques. Si0O films
were also prepared by evaporation in vacuum, and films of SiO2
were blown from the bulk. Electron diffraction patterns were re-
corded eléctrically using a silicon solar cell as detector but
inelastically scattered electrons were not experimentally elimi-
nated. The rdfs of films of SiO2 were found to be in agreement
with previous x-ray work, for example by Zarzychi (153), but do
not possess the resolution of later x-ray work by Warren and col-
laborators (34). Tﬁe authors concluded that SiO films consist
of a mixture of Si and SiO2 as suggested by Brady from x-ray
work (154) and by Lin and Joshi (155), who carried out x-ray
examination of bulk samples. This result, however, has been ques-
tioned by Kaplow (156) in an x-ray re-evaluation and by Dove and
Molnar using scanning electron diffraction on thin films (157).
Pavlov and Shitova (158) carried out electron diffraction
examination of SiO2 films using photographic techniques. The

authors conclude that, regardless of the several conditions of
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preparation employed, the films possessed an amorphous structure
with short range order corresponding to the structure of B-
cristobalite.

§13§4

Amorphous films prepared by a glow discharge technique could
be varied in average composition from silicon to silicon nitride.
Coleman and Thomas obtained electron diffraction patterﬁg
from these films using an electronic recording system but without
an energy filter. The intensity curves show very small ripples
about the mean scattering curve, possibly due to the inclusion
of inelastically scattered electrons. The rdfs appear to be very
diffuse but are interpreted by the authors as indicative that the
films consisted of mixtures of silicon and SisN4 (159).

TLSe

Thin films of TA&Se were deposited, by Aliev and Tatarinova
(160), onto room temperature rock salt and collodian substrates
from bulk material heated in a tungsten spiral. The diffuse elec-
tron diffraction pattern was recorded photographically and the
rdf calculated. An extremely broad first peak was obtained and
was considered to consist of a number of overlapping peaks. The
curve could not be reconciled with the local order present in the
(tetragonal) crystal structure of T2Se, however (161), either in
coordination numbers or nearest neighbor distance. The nearest
neighbor distance indicated by the very broad first peak was
2.90 / "*h coordination 2, while in the T2-Se crystalline form

the nearc.. neighbor distance is 2.68 with coordination 4.
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CdGe As,

In an x-ray study on bulk quenched material, Cervinka et al.
(162) found that the rdfs could be interpreted in terms of the
nearest neighbor order of crystalline CdAsZ. A detailed dis-
cussion is given of the crystal structure of CdAs and CdGeAsZ.

cdGeP,

Grigorovici et al. examined bulk specimens using x-ray tech-
niques (163). The first peak in the rdf was found to be consis-
tent with overlapping peaksidue to Cd-P and Ge-P contributions
with bond lengths of 2.55 and 2.33 R and coordination numbers as
in the crystalline form. It is deduced that each P atom has two
Cd and two Ge neighbors at somewhat different distances, as in

the crystalline material.

Si and Ge Ternary Chalcogenides

Hilton and collaborators (164) have carried out some xX-ray
rdf measurements on bulk samples of chalcogenides as part of an
extensive investigation of infrared optical glasses. Results are
reported on the compositions SiTe4, 155i15As70Te, 15Si45As40Te,
30S1i15As55Te and 15Ge45As40Te. It is concluded that where possi-
ble Si-Te, Si-As and As-Te bonds are formed in preference to
Si-Si, As-As, Te-Te bonds. The results are of particular inter-
est (although ripples are evident in the data at low values),

since infrared and thermodynamic data are also reported.
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Fig.

Fig.

Fig.

Fig.

Fig.

1.

a) Theorctical rdf of an array of isolated randomly
oriented cubes of the diamond structure. The atoms
are assumed to possess a small thermal vibrational
amplitude.

b) Rdf curve obtained by transforming the theoretical
si(s) curve over the range 0 to 1.95.

c) Result of transforming si(s)exp(- sz) over the
range 0 to 1.95. Coaparison with ti.e true rdf of
}(a) shovs the degree of peak broadening introduced
by the use of a termination function and a finite
range in §.

Calculated intensity curves, plotted as in (intensity),

for arrays of small fcc crystallites are compared with

the experimental result for a 10 b deposit of Ni.

a) The rdf calculated from one of the theoretical inten-
sity curves of Fig. 2.

b) The rdf calculated from the experimental curve for
the 10 % deposit of Ni.

Mean nearest neighbor atomic coordination number cal-

culated for cubic fcc crystallites.

Schematic diagram of a scann.ng clectron diffraction

system. Sec Ref. 40 for a compirehensive review of the

direct recording technique.

A series of rdfs obtained for very thin lead deposits

by Heritage and Tillett (25). The recsults show diiect

evidence for closc-packed non-fcc clustering at the
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Fig.

Fig.

Fig.

7.

10.

11.

12.

earliest stages of growth, prior to the development

of fcc crystallites.

The full curve shows the rdf of amorphous iron films,
the dashe: curve shows the x-ray results on splat
cooled Fe-P-C foils obtained by Wagner (60a).

Curves of 4nr[n(r)-o°] for 1liquid Fe and for Fe-P-C
foils obtained by x-rays, from a review by Giersen and
Wagner (60b).

Difference rdf curve of vapor deposited carbon film
showing in this case a sequence of peaks consistent
with graphitic local order. The mino~ ripples below

1  arise from the numerical Fourier transform procedure.
Rdf of a silicon film obtained by Moss and Graczyk (27)
using an electron microscope fitted with an energy
filter and a direct intensity measurement systen.

Rdf of a germanium film obtained by scanning electron
diffraction; (a) calculated without a terminating func-
tion showing ripples at small r and on both sides of
the first peak, and (b) after deconvolution to remove
termination ripnle and peak broadening.

Typical intensity curve for a GcScz.‘ film obtained by
Molnar (132). The breaks in the curve at s = 0.5 and
1.0 are duec to eclectronic gain changes in the recording
system. Inelastic background has been removed experi-

mentally.
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13.

14.
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68

Curve (a) shows the rdf for GeSe2_4 obtained from the
intensity data of Fig. 12. Curves (b) and (c) show

the rdfs ralculated from intensity curves obtained after
successive heat treatment of the film.

Atomic distribution curves for Se and Ge about Ge

atoms and about Se atoms in GeScZ. Results obtained

by Lytle and collaborators (1C0) using x-ray absorption
edge data.

X-ray intensity curve of GexTel-x films reported by
Bienenstock and collaborators (134).

Rdfs from the data of Fig. 15 showing a local order
unlile that expected for a rock salt GeTe type of

coordination, reported by Bienenstock and collaborators

(134).
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